Abstract: Simulation can support the design of an ergonomic workplace by enabling early assessment of ergonomic conditions in a virtual environment. An important feature is the possibility to study alternative solutions or the effect of improvements from an ergonomics perspective. To be able to conduct an efficient and reliable evaluation in a virtual environment, an objective analysis method is essential. Such an analysis method should be integrated in the simulation software, and support a company's everyday ergonomics work process. In order to gain from existing ergonomics knowledge within a company, the possibility to implement such wisdom in the current simulation software becomes important.
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Introduction
Most of today's ergonomics simulation tools (a.k.a. computer manikin tools, human modelling or human simulation systems) have different types of ergonomics analysis methods integrated in the software to support objectivity when evaluating human-product interaction design proposals. Commonly integrated evaluation methods are NIOSH (Waters et al., 1993) , OWAS (Karhu et al., 1977) and RULA (McAtamney and Corlett, 1993) . These and similar methods all have strengths and weaknesses. An example of weaknesses is the lack of support for national health regulations as well as company-specific regulations. The identification of this limitation, i.e., that there is a gap between the company-specific strain assessment guidelines and analysis methodology, on the one hand, and the analysis methods provided within the utilised simulation software, on the other, was the origin of the work presented in this paper. The idea was that the combination of the advantages offered by modern simulation technology with established company-specific ergonomics knowledge would result in an effective and efficient solution that would be recognisable and accepted among the people involved in the workplace design process, e.g., production engineers, ergonomists and managers.
Advancing the industrial development process
The product realisation process (Figure 1 ) in modern industry is typically very complex, with a lot of issues to consider for finding the best balance among the full range of valueadding characteristics, and the process is typically constrained by tough time and cost restrictions. As a result, marketing, product and manufacturing development activities must be performed efficiently and the money put where it is most beneficial.
Figure 1 A typical development process
In the product realisation process work, two things incur large costs. One is the product realisation process itself, strongly influenced by the Time-To-Market span (Figure 2 ). Another major expenditure is the cost of building physical mock-ups. In addition, the quality of the outcome of the realisation process, i.e., the product, naturally has a major effect on a project's economic return. Common approaches to increase the efficiency of the product realisation process are to carry out more or less parallel activities (Figure 2 ), to work in cross-functional teams, and to employ methods that support Right-First-Time outcomes. The costs and effort required for design alterations are moderate at early development stages compared to design changes later in the process, which are typically expensive, time consuming and complicated to handle (Ullman, 2003) . 
Manufacturing Development
As a result, simulation is intensively used in industry to uphold profitability and competitiveness by reducing development time and cost and by promoting product quality. This means that expensive, inflexible and time-consuming physical mock-ups are only built towards the end of the development process. Thus, the ability to evaluate a design from an ergonomics point of view in a virtual environment has become vital to reduce the risks of time-consuming and expensive iterations, or products that do not meet the full ergonomics specification (Porter et al., 1995) .
Company-tailored approach to ergonomics simulation
The company where this work was initially carried out (Bäckstrand and Jonasson, 2001) has an established company-specific ergonomics analysis methodology, known as BUMS (basically a Swedish abbreviation for Saab's Ergonomics Strain Assessment Guidelines). This method has been developed over many years and is acknowledged in the organisation by engineers, ergonomists and managers as the method to use for analysing ergonomic conditions related to manufacturing. This is one of the reasons why Volvo Powertrain Sweden, Skövde took the decision in 2004 to adopt BUMS as one of the methods for workplace design evaluation.
The outcome from a BUMS analysis is typically used as a decision base when identifying which workplaces are acceptable (green) or needs to be under consideration (yellow) or must be rectified (red). The method contains ergonomics experiences developed over the years, as well as complies with national (Swedish in this case) health regulations. This knowledge would be lost, or very hard to utilise, if the integrated 'standard' evaluation (such as NIOSH, RULA, etc.) methods would be the alternative to use when performing ergonomics analyses in a virtual environment.
Hence, the objective of the project was to integrate BUMS within the utilised simulation tool (IGRIP in this case) in order to benefit from both existing ergonomics experiences and modern simulation technology, and thereby end up with a solution that would be tailored to the company's needs and procedures (Bäckstrand and Jonasson, 2001) .
In general, when developing any support system to be employed in a company's product realisation process (in the context of this paper, the workplace can be seen as the product), it is important that the support system (in this case, a computer-aided tool for ergonomics analysis) is tailored to the company's needs and procedures. In a similar example to the BUMS implementation, one of the lessons learned in research on Computer-Aided Process Planning (CAPP) in the 1990s was that CAPP systems needed to be adaptable to company-specific procedures and technology. The CAPP system PART, for instance, offered the possibility to specify company-specific process-planning scenarios and company-specific rules for machining (Van Houten, 1991) , and this was a prerequisite for its further development from academic prototype to commercial product (as part of Tecnomatix' eMPower solutions).
Process benefits
The BUMS implementation in the simulation tool enables the ergonomics evaluation to be moved from analysing the existing workplace in the 'Final Development' or the 'Follow-up' phase up to the 'Pre Study' phase (Figure 1) , where the evaluation is performed on a virtual workplace design proposal. This makes it possible to perform initial ergonomics evaluations much earlier; depending on the nature of the project this may be up to three years earlier.
Evaluation of a design at the early stages is beneficial, e.g., to identify design defects early on and to support strong arguments to management for considering ergonomics deficiencies. However, in many cases, the evaluation of a physical prototype is unbeatable in establishing ergonomic conditions owing to the complexity of influencing issues, e.g., holistic implications and user diversity -making it difficult to perform realistic simulations in virtual environments. A sensible view is that simulation tools support the development of more correct assumptions about the eventual characteristics of the product-to-be (the workplace in this case), with the objective that first prototypes will require fewer modifications than would be the case without the aid of the tools (De Vin and Sohlenius, 2006; Högberg, 2005) . Thus, there are obvious benefits with simulation; when the production equipment is in place on the shop floor it will be much more difficult to make changes.
Ergonomics simulation work process
The work process for ergonomics simulation (Figure 3 ) is divided into three major phases: 1 preparation of the virtual work environment 2 analysis, divided into Run simulation and Run analysis 3 evaluation of results. 
Preparation of the virtual work environment
This phase consists of a number of steps, stretching from 'Problem formulation' to 'Record simulation' (Figure 3) . The overall objective is basically to build the virtual environment, to define users and to define the tasks to be performed. This phase is controlled by a number of steering documents and regulations, e.g., related to ergonomics, layout and logistics. A conceptual workplace design model is created, based on these regulations, together with:
• Product -engine, car parts, etc.
• Process -The process controls how a task should be performed but also how it might be performed. For instance, available lifting aids may not always be used in practice.
• Resources -computer manikins, lifting aids, material-handling equipment, assembly tools, etc.
This phase is typically relatively time consuming, depending on the infrastructure and complexity of the work-environment-to-be. A figure of 45% or more of total simulation time is reported as being common (Blomé et al., 2003) .
Analysis
In the analysis phase, an Excel sheet is used. The method used is more or less the same as for analysis on physical objects. The Excel sheet is connected to the simulation software, which makes it possible to export analysis results from the virtual environment in real time to the sheet. The simulation engineer conducts a number of analyses with different manikins (typically, two male and two female), different lifting aids and so on. The main objective for this phase is to generate analysis results in an efficient manner so that as much time as possible can be spent on the actual evaluation work in later stages. A current drawback of this work process is the limited possibility to simulate and analyse 'families' of manikins. Simulation with a selection of manikins would create a much better and more detailed understanding of how the anthropometric diversity of the users and the ergonomic conditions are related to each other (Högberg, 2005) .
Evaluation of results
The evaluation of the analysis results is done in a workshop with participants from production preparation, i.e., Ergonomics Experts (EEs) and Simulation Engineers (SEs), and from the production itself, i.e., the workplace users. This workshop contains:
• Validation of the model -evaluation conducted by production preparation personnel and EE. This validation is done with an agreed Target of Acceptance (De Vin and Sohlenius, 2006) in mind. The participants act as subject matter specialists who contribute to the validation process from within their respective areas of expertise.
• Simulation walkthrough -run simulation, change postures, etc.
• BUMS analysis -from the problem definition, the SE has prepared a list of different areas that should be of special interest in advance. A BUMS analysis is conducted; each analysis takes approximately one minute. The result is discussed and snapshots are produced showing the analysis object.
• Discussions and decisions -the objective is to generate a suggestion/solution on how to use a possibility or how to solve a problem in the best possible way.
Implementation and technical issues
Some software programs have the capability of building software applications within the specific software via an Application Programming Interface (API). The API works as an interface between the software developer and the software and the main purpose is to access functions within the software. This access can be via other programs, e.g., between a CAD program and a simulation program, but it can also be used to create macros within a specific software. In this case, the BUMS application uses APIs, provided within IGRIP and MS Excel to create macros that in the next step can be used to analyse the manikin in the virtual environment and to view the results from the analysis. The APIs in IGRIP make it possible to read manikin joint values, create dialog boxes, etc. The joint values form the most important part of the analysis and depending on the manikin used, it is possible to access approximately 100 joint values. These values are used to calculate where in space different manikin body parts are located. These locations are compared with the boundaries stated in BUMS. This is done by the application and only the result is shown to the user in the virtual environment. The result is visualised as colour changes on manikin body parts, in a pop-up window, and in the Excel sheet as coloured boxes (see Figure 4) . Figure 5 shows the program structure and how the different programs interact with each other. When the user 'pushes a button' on the button menu (illustrated in Figure 6 ) in the virtual environment, a program starts executing and calls for a function or procedure. These functions/procedures include APIs, called Graphical Simulation Language (GSL)-Macro. The GSL-Macro executes different tasks, e.g., it reads manikin joint values and returns these values to the procedure. Depending on the purpose, the function/procedure executes a task, e.g., shows a pop-up dialog window. The result, a set of analysis values, is exported to the BUMS Excel sheet via the 'Delfoi Integrator' interface. When a procedure receives a return value from a GSL-Macro, it compares this value with the boundaries or rules that are stated in BUMS. An example can be a return value for head bending of 46º. According to BUMS, this value indicates that the maximum angle for head bending is exceeded and that this will create an ergonomic problem connected to that (assembly) task. As mentioned earlier in this paper, the result from the analysis is presented by using the colour green, yellow or red. In this example, the angle would generate a red-coloured neck and a red-coloured cell in the Excel sheet shown in Figure 4 . This red cell is create by a 'Visual Basic for Application', VBA-Macro. The execution of the VBA-Macro is controlled from the BUMS application integrated in the simulation software. The application sends a control parameter from the functions/procedure via Delfoi Integrator to the Excel sheet. The parameter starts the execution of the proper VBA-Macro, e.g., the macro that colours the cell green, yellow or red. When this is done, the Excel sheet is ready to receive new parameters for macro execution. This process continues until the analysis is done minutely and includes 11 different analysis stages. The BUMS method can be readily adapted to accommodate different ergonomic standards by defining specific rules and boundary values. These can be company specific or task specific, for instance a head turn that is perfectly acceptable for an assembly workstation may not be acceptable for a driver's environment. Figure 6 shows a button menu with two sets of rules (BUMS Design and BUMS Production). 
Conclusion
Companies can benefit from early ergonomics analysis, as it reduces the need for physical mock-ups and expensive design changes at late stages in the product development process. BUMS facilitates early ergonomics analysis with the use of simulation. It allows non-ergonomists such as simulation engineers to obtain an understanding of ergonomic consequences of a proposed design and allows them to identify issues of particular interest that can be studied in more detail with help from ergonomics experts and prospective users.
Whilst BUMS was initially developed at Saab, it was later adopted by Volvo Powertrain. This was made possible owing to the structure of BUMS; it is relatively easy to tailor the ergonomic rules in BUMS to company-specific rules.
When implementing a system like BUMS, it is important to integrate it in the company's work process in order to benefit from it as much as possible. Whilst ergonomic simulation and analysis have their own value, the real benefits emerge during the evaluation of results (which typically involves a variety of experts and stakeholders).
Future work
It is not difficult to see how BUMS can improve a workplace design. However, what is lacking is a possibility to do cost/benefit calculations connected to results from an ergonomics analysis. It would be very useful if ergonomics improvements could be linked quantitatively to economic benefits. This would make it possible to compare different workplace designs not only from an ergonomic but also from an economic point of view. Although this is not easy owing to the vast amount of parameters, work is in progress to find an economy model that can be used together with ergonomics analysis tools such as BUMS (Bäckstrand et al., 2005) .
Like many other simulation tools, BUMS currently lacks the capability to run a simulation with a selection of manikins from a manikin family automatically. At present, this is a manual task, which means that manikins have to be picked manually and a separate simulation has to be carried out with each manikin. The automation of this process would be a major improvement that will be considered for future versions of BUMS.
While this paper covers considerations of physical ergonomics, the consideration of cognitive ergonomics is just as important. In a modern manufacturing environment, appropriate presentation of data and information is becoming increasingly crucial. Therefore, it is very important to be able to evaluate information need and information flow at early stages of the design process; where, when and how should data/information be presented within a workplace? Ergonomics simulation in combination with discrete event simulation appears to have the potential to be useful as a future tool for the evaluation of how to present information.
